Air Force Institute of Technology

AFIT Scholar
Theses and Dissertations

Student Graduate Works

9-2006

Rate Dependence of Tensile Properties and Stress-Strain Behavior
of an Oxide/Oxide Ceramic Matrix Composite at Elevated
Temperature and the Effects of Low-Magnitude Sustained
Loading on Composite Microstructure
Andrew T. Radzicki

Follow this and additional works at: https://scholar.afit.edu/etd
Part of the Engineering Science and Materials Commons

Recommended Citation
Radzicki, Andrew T., "Rate Dependence of Tensile Properties and Stress-Strain Behavior of an Oxide/Oxide
Ceramic Matrix Composite at Elevated Temperature and the Effects of Low-Magnitude Sustained Loading
on Composite Microstructure" (2006). Theses and Dissertations. 3584.
https://scholar.afit.edu/etd/3584

This Thesis is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has been
accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more
information, please contact richard.mansfield@afit.edu.

RATE-DEPENDENCE OF TENSILE PROPERTIES AND STRESS-STRAIN
BEHAVIOR OF AN OXIDE/ OXIDE CERAMIC MATRIX COMPOSITE AT
ELEVATED TEMPERATURE AND THE EFFECTS OF LOW-MAGNITUDE
SUSTAINED LOADING ON COMPOSITE MICROSTRUCTURE
THESIS
Andrew T. Radzicki, Second Lieutenant, USAF
AFIT/GAE/ENY/06-S09
DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY
Wright-Patterson Air Force Base, Ohio
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the U.S.
Government.

AFIT/GAE/ENY/06-S09

RATE-DEPENDENCE OF TENSILE PROPERTIES AND STRESS-STRAIN
BEHAVIOR OF AN OXIDE/ OXIDE CERAMIC MATRIX COMPOSITE AT
ELEVATED TEMPERATURE AND THE EFFECTS OF LOW-MAGNITUDE
SUSTAINED LOADING ON COMPOSITE MICROSTRUCTURE
THESIS
Presented to the Faculty
Department of Aeronautical and Astronautically Engineering
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
In Partial Fulfillment of the Requirements for the
Degree of Master of Science in Aeronautical Engineering

Andrew T. Radzicki, BS
Second Lieutenant, USAF

September 2006

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED

AFIT/GAE/ENY/06-S09

RATE-DEPENDENCE OF TENSILE PROPERTIES AND STRESS-STRAIN
BEHAVIOR OF AN OXIDE/ OXIDE CERAMIC MATRIX COMPOSITE AT
ELEVATED TEMPERATURE AND THE EFFECTS OF LOW-MAGNITUDE
SUSTAINED LOADING ON COMPOSITE MICROSTRUCTURE

Andrew T. Radzicki, BS
Second Lieutenant, USAF

Approved:

____________________________________
Dr. Marina B. Ruggles-Wrenn (Chairman)

________
Date

____________________________________
Dr. Robert Canfield (Member)

________
Date

____________________________________
Dr. Som Soni (Member)

________
Date

AFIT/GAE/ENY/06-S09
Abstract
Advanced aerospace structures and components require materials that exhibit high
strength at high operating temperatures. Nextel ™ 720/Alumina (N720/A) is an
oxide/oxide, porous-matrix ceramic-matrix composite developed for load bearing
applications at elevated temperatures. The current research investigates the rate
dependence of tensile properties of the N720/A CMC at 1200°C as well as the creep
behavior of this composite under applied stresses in the 1-25 MPa range. In addition,
influence of prior loading rate on the creep response of N720/A under applied stresses
above 50 MPa was evaluated at 1200°C.
Tensile tests conducted at loading rate of 0.0025 and 25 MPa/s revealed a strong
influence of rate on the ultimate tensile strength, elastic modulus and failure strain.
Several samples subjected to additional heat-treatments were tested to ascertain whether
the stress-strain behavior observed in the 0-30 MPa stress range in tests conducted at
0.0025 MPa/s was an artifact of incomplete processing of fibers in the as-received
material. Additional heat treatment had no effect on stress-strain behavior at 0.0025
MPa/s. Negative creep (i. e. decrease in strain under constant stress) was observed in
creep tests conducted with the applied stresses < 30 MPa. Microstructural investigation
using scanning electron microscope together with the results of mercury porosimetry
suggest that a decrease in matrix porosity and matrix densification may be taking place in
the N720/A CMC exposed to loads <30 MPa for prolonged periods of time. Prior loading
rate was found to have no appreciable effect on creep behavior at stresses > 50 MPa.
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RATE-DEPENDENCE OF TENSILE PROPERTIES AND STRESS-STRAIN
BEHAVIOR OF AN OXIDE/ OXIDE CERAMIC MATRIX COMPOSITE AT
ELEVATED TEMPERATURE AND THE EFFECTS OF LOW-MAGNITUDE
SUSTAINED LOADING ON COMPOSITE MICROSTRUCTURE

I.

Introduction

The United States’ continued dominance in aerospace technology for military
applications is contingent upon the development of new materials. Without the research
into and implementation of new materials, engineers and designers would be severely
limited in the advances that could be made to current aircraft and the development of new
aircraft.
Advanced aerospace structures and components require materials that exhibit high
strength at high operating temperatures. One such aircraft system is the engine, where
designers aim to achieve maximum thrust with minimal weight. An effective way to
increase the thrust to weight ratio is to increases the turbine inlet temperature [24:490]. A
higher turbine inlet temperature allows for more thrust to be produced from the same
amount of fuel. The trends in the turbine inlet temperature for various engines over the
years can be seen in Figure 1.

1

Figure 1: Trends in turbine inlet temperature for jet engines [24:490].
By using materials that can operate and sustain their strength at a higher
temperature, engine designers could reduce the size and weight of a component as well as
limit the need for bulky cooling systems and coatings needed for materials that cannot
withstand higher temperatures. Compared to plastics and metals, ceramics can be used at
much higher operating temperatures which make them candidates for high temperature
applications. Figure 2 shows a comparison of the average operating temperatures for
plastics, metals, and ceramics. It is clearly seen that ceramics would provide the best
solution to engineering applications above 1000°C. The brittle nature of monolithic
ceramics, however, precludes them from use in situations where sudden failure is
unacceptable.
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Figure 2: Service temperature limits of various materials [8:4].
The introduction of a reinforcing fiber into a ceramic matrix improves the high
temperature durability as well as the fracture toughness of a ceramic material system.
The ceramic matrix allows for high operating temperatures and good heat dispersion,
while the fiber reinforcement serves to improve the fracture toughness and tensile
strength for the material system. These types of materials are called, ceramic matrix
composite (CMC). The high-temperature durability, increased fracture toughness
compared to monolithic ceramics, and light weight of CMCs make them a candidate
material for applications where superior properties, high-temperature and light weight are
essential. The use of CMCs in the combustion chamber can also lead to decreased
emissions of NOx gases [1:565]. Figure 3 shows several of the applications of CMCs in
modern jet engines.

3

Figure 3: Potential applications of CMCs in jet engines [24:492].

II.

Background

The use of CMCs in high-temperature applications is possible due to their high
strength, high fracture toughness and high operating temperature. In general CMCs can
involve numerous combinations of fibers, matrix, and interfaces as well as various
processing techniques.
Several different approaches to designing the interface between fiber and matrix
have been developed to help increase the fracture toughness of CMCs. One approach
employs fiber coating to create a weak fiber-matrix interface, allowing for crack
deflection. The coatings, however, do not perform as well in an oxidizing environment.
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It is now widely accepted that similar crack-deflecting behavior can be achieved
through a finely distributed porosity in the matrix instead of a separate fiber-matrix
interphase. This microstructural design philosophy implicitly accepts formation of a
strong fiber-matrix bond and builds on experience with porous interlayers [12,21].
Maintaining the level of porosity in the matrix to the desired concentration is critical to
ensuring the matrix performs as desired with regards to crack deflection. If the
concentration of pores becomes too high, the matrix will become weak and would lose its
strength and crumble to pieces. If the concentration of pores becomes too low, the matrix
begins to resemble a monolithic ceramic and loses its ability to deflect cracks around the
fibers leading to sudden catastrophic failure.
The focus of this research is on an oxide-oxide CMC consisting of oxide Nextel
™ 720 fibers in a porous Alumina matrix. No coating is applied to the fibers. The
porous nature of the matrix allows for crack deflection around the fibers and through the
matrix. This keeps the fibers intact longer allowing for high strengths and improved
fracture toughness. The use of an oxide-oxide CMC also allows for improved
thermodynamic stability and oxidation resistance compared to CMCs with non-oxide
constituents [36:1005]. Considering the corrosive environment in which aircraft engine
components must operate, oxidation resistance is a vital characteristic.
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III.

Material and Test Specimens

The material used in this research was developed by Ceramic Optics, Inc. (COI)
and consists of the Nextel ™ 702 fiber in a porous alumina matrix. The Nextel ™ 720
fiber was developed by Minnesota Mining and Manufacturing for load bearing
applications above 1000°C [37:1143]. The fiber is a good choice for use in CMCs
because of its excellent performance at high temperatures. Previous research by Wilson
et. al. [37:1143] has also shown that the N 720 fiber exhibits excellent creep resistance
due to the presence of mullite. The N720 fiber is composed of fine grains of mullite and
alumina. The presence of the “acircular and globular” grains of mullite and alumina in
the fiber limit grain boundary sliding which increases the strength of the fiber [37:1144].
The N720 fiber also exhibits thermodynamic and chemical stability which allows for its
use in corrosive environments as well as limits negative interactions with a variety of
different matrix materials [37:1143].
The N720/A CMC has no fiber coating to act as an interface between fiber and
matrix. Distributed porosity in the alumina matrix provides for crack deflection and
enhances toughness. Cracks initiate in and propagate through the pore weakened matrix
and around the fibers, allowing for delayed failure as opposed to fast fracture observed in
monolithic ceramics.
3.1 Test Specimen
The test specimens were cut from a 12” x 12” panel manufactured by COI. The
panel consisted of 12 layers of 0/90 orientation N720 fibers embedded in an alumina
6

matrix. CMCs are typically produced in two stages. The fibers are combined with the
matrix material through a slurry infiltration process. This process involves feeding the
fibers through a slurry of powdered matrix material, a carrier liquid and an organic
binder. The resulting material is then wound on a drum to dry before being cut and
combined with the desired number of layers in the proper orientation [8:151]. The test
specimens were cut from the panel using a water jet. The panel was cover with a thin
panel of aluminum to prevent chipping during the water jet cutting process. A traditional
dogbone specimen shape was used to focus the failures of the specimens in the gage
section. The overall geometry of the specimens can be seen in Figure 4.

Figure 4: Uni-axial tensile specimen.
Once cut, the specimens were cleaned in a deliberate process. The specimens
were first placed in an ultrasonic bath for 15 minutes. They were next transferred to an
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alcohol bath for 20 minutes. Finally, the specimens were placed in an oven for 1 hour at
250°C to remove any traces of residual moisture. Several specimens were also sintered
for additional time at 1200°C in an oven. Two specimens were sintered for and
additional 12 hours and two specimens were sintered for an additional 100 hours at
1200°C.
Fiber glass tabs were bonded to the grip ends of the specimens using M-Bond 200
adhesive. The tabs prevented slippage in the test machine and damage to the specimen
and had no effect on the overall material properties. Figure 5 below shows an actual test
specimen with the fiberglass tabs attached.

Figure 5: Tensile test specimen with fiberglass tabs.
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IV.

Experimental Setup and Test Procedures

4.1 Mechanical Testing Equipment
All tests were conducted in the mechanical testing lab at the Air Force Institute of
Technology using an MTS (MTS Systems Corporation) 810 Material Test System servohydraulic test machine with a 3 kip capacity. The test machine was outfitted with a MTS
Force Transducer (Model 661.19E-04) and hydraulic wedge grips. The specimens were
gripped at a grip pressure of 8 MPa. Distilled cooling water was pumped through the
grip wedges by a NESLAB model HX-75 chilled water system to prevent the grips from
overheating. The water temperature was maintained at 10°C. The test machine was
outfitted with a MTS 683 clamshell furnace and an MTS 409.83 Temperature Controller
for high temperature testing. A high-temperature MTS extensometer (model number
632.53 E-14) with a gage length of 0.5 in. was used to measure strains throughout the
tests. Figure 6 shows the overall test setup.
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Figure 6: Mechanical testing equipment includes: MTS testing machine, furnace
and high-temperature extensometer assembly.
A MTS Test Star II Controller was used to control the servo-hydraulic machine as well as
to collect data. The data were recorded into a Microsoft Excel spreadsheet for each test.

4.2 Microstructural Evaluation Equipment
All fractured surfaces were observed using a Zeiss Discovery V12 optical
microscope. Both the front and side views of the fracture surface were examined at
various magnifications.
10

An FEI Quanta 200 scanning electron microscope (SEM) was used to observe
composite microstructure at higher magnifications. Figure 7 shows the SEM used for this
research.

Figure 7: FEI Quanta 200 Scanning Electron Microscope used for research.
Specimens were cut with a diamond tipped saw and mounted on microscope mounting
disks with carbon paint. The specimens were then observed in ESEM low vacuum mode.
The ESEM mode of the SEM fills the vacuum chamber with water vapor, which allows
for the non-conductive test specimens to be observed. Several specimens were selected
to be observed in high vacuum mode. The high vacuum mode allows for a higher
resolution and higher magnification than the ESEM mode. In order to be observed in
high vacuum mode, the specimens had to be coated with conductive carbon using an SPI
Supplies SPI-Module Control and Carbon Coater as seen in Figure 8.
11

Figure 8: SPI Supplies carbon coater.
A Micrometrics Auto Pore III Mercury Porosimeter at AFRL/ MLLN was also
utilized in this research. The porosimeter allowed for the measurement of the relative
porosity of the specimen, in percent, as well as the density and average pore size. For
porosimetry, the material was cut from the gage section of the test specimen, which was
subjected to both the test temperature and the loading history. Prior to porosimetry,
samples were heat treated at 100° C for 20 min in order to remove any excess moisture
that may have accumulated in the material. Specimens were loaded into the
porosimeter’s penetrometer and vacuum was created to allow for the mercury to be
drawn into the specimen. Both low and high pressure runs were conducted on the
specimens to give the most accurate results. Mercury porosimetry is destructive to the
specimens and they could not be recovered after the test. No ASTM standard exists for
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Mercury Intrusion Porosimetry of a CMC. The ASTM Standards for determining the
pore volume and pore volume distribution for soil and rock and catalysts by mercury
intrusion porosimetery were used as a baseline [1,2,3].
4.3 Test Procedures
All test procedures were programmed using MTS Multipurpose Testware. Figure
9 shows an example of a program used to conduct a creep test.

Figure 9: Example of a test procedure used for a creep test.
This software made it possible to accurately control the load rate and to program the
minute levels of force variation required for the present research. Prior to testing, the
equipment was tuned for displacement control as well as for force control. No specimen
was required for tuning in displacement control, but a specimen was specifically
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designated for tuning in force control. The grips were aligned in order to prevent any
bending stresses during testing.
The temperature also had to be calibrated to ensure the test specimen was
maintained at the correct temperature. A test specimen with R- and S-type
thermocouples bonded to it with Omega CC High Temperature Cement and held on again
by safety wire was placed in the testing apparatus at zero load and enclosed by the
furnace. The temperature was increased by 1°C/s until the specimen temperature reached
1200°C. This resulted in an oven setting of 1220°C to achieve 1200°C at the test
specimen. An oven setting of 1220°C was used for all tests.
The present research investigates the load rate effect on tensile behavior, therefore
all tests were conducted in load control. Prior to mechanical testing, the servo-hydraulic
machine was allowed to warm up for 20 minutes with a sine waveform with an amplitude
of 0.5 in at a rate of 0.5 Hz. Care was taken to ensure that no unwanted load was
introduced during the loading of the test specimens into the servo-hydraulic machine.
The test specimens were brought from room temperature to 1200°C over a period of 45
minutes and allowed to thermally equilibrate for 15 minutes prior to testing.
In the previous work by Harlan [16], tensile tests of the N720/A specimens were
conducted in displacement control with the rate of 0.05 mm/s at 1200°C. Because the
stress-strain behavior was nearly linear to failure, an equivalent stress rate could be
determined and was calculated to be ~25 MPa/s. In order to investigate the effect of
loading rate on tensile properties and behavior tensile tests were conducted at the stress
rates of 25 MPa/s and 0.0025 MPa/s. The stress rate of 0.0025 MPa/s was chosen to
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allow for at least 2 orders of magnitude reduction in stress rate while still remaining
practical from a time required for each test standpoint. Both the as-processed specimens
as well as those subjected to additional heat treatment were tested in tension at the lower
loading rate. Data was collected at the frequency of 49 Hz for the 25 MPa/s test. In the
0.0025 MPa/s one data point was needed every 30 s. Time, temperature, displacement,
force, and strain were recorded for all tests. All specimens were tested to failure.
Creep at low load levels was also investigated. Specimens were loaded to the
creep stress level, 2-15% of ultimate strength, at the rate of 25 MPa/s. Creep run-out was
defined as survival of 100 h at creep stress. In creep tests, data was collected at 1 Hz for
the first hour of creep, and at 0.1 Hz for the next 9 h. During the remaining 90 h one data
point was recorded every 30 s. Time, temperature, displacement, force, and strain were
recorded for all tests. Two specimens that achieved creep run-out were subjected to a
tensile test to failure at a loading rate of 25 MPa/s in order to determine retained
properties.
Two additional creep tests were conducted in order to investigate the effect of
prior loading rate on creep response. The creep stress levels were 100 and 125 MPa and
the loading rate of 0.0025 MPa/s was employed on loading to creep stress. Results of
these tests could be readily compared to the results of prior work by Harlan [16] where
specimens were tested at the same creep stress levels but with prior loading rate on the
order of 25 MPa/s.
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V.

Results and Discussion

This section is arranged in the order in which tests were conducted followed by a
discussion of each phase of testing. Results of the microstructural analysis using both
optical microscope and SEM will be presented next. Finally, results of the mercury
porosimetry results will be discussed. Table 1 gives a summary of all tests conducted
during the present research effort.
Table 1. Summary of all tests conducted.
Specimen

Additional

Type of

Load

Elastic

Ultimate

Time to

Failure

Number Heat Treatment Loading

Rate

Modulus

Stress

Failure

Strain

(MPa/s)

(GPa)

(Mpa)

(h)

(%)

T-1

As-processed

Tensile

25

78.55

181.37

0.002

0.4022

T-2

As-processed

Tensile

0.0025

48.51

150.81

16.8

N/A

T-3

As-processed

Tensile

0.0025

80.33

147.78

16.33

1.027

12 h at 1200°C Tensile

0.0025

54.15

153.8

17.06

1.395

H100T-5 100 h at 1200°C Tensile

0.0025

81.04

155.65

17.28

1.27

H100T-6 100 h at 1200°C Tensile

0.0025

62.05

152.3

16.93

1.262

H12T-7

C-1

As-processed

Creep

25

84.03

20

N/A

0.354

C-2

As-processed

Creep

25

64.65

1.097

N/A

0.361

C-3

As-processed

Creep

25

62.92

6.11

N/A

N/A

C-4

As-processed

Creep

25

64.55

26.14

N/A

N/A

C-5

As-processed

Creep

0.0025

71.69

100

100.2

1.75

C-6

As-processed

Creep

0.0025

-30.68

125

11.83

1.11
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5.1 Monotonic Tension
Specimen T-1 was subjected to a tensile test to failure in load control at stress rate
of 25 MPa/s. The results of this test compared favorably to those obtained by Harlan
[16], as seen in Figure 10. It is important to note, that the test conducted by Harlan [16]
was performed in displacement control.

Figure 10: Tensile stress-strain behavior of N720/A composite at 1200°C. Data at
0.05 mm/s from Harlan [16] is included.
As seen in Figure 10, the two tests produced similar values of the elastic modulus, E,
ultimate tensile strength, UTS, and failure strain. Results in Figure 10 also demonstrate
that test control (strain vs. displacement) has little influence on test results, as expected.
In order to investigate the effect of loading rate on tensile properties and behavior,
as-processed test specimens were tested at a loading rate of 0.0025 MPa/s. Results of
17

these tests are shown in Figure 11 together with results obtained at 25 MPa/s. Earlier
data by Mehrman [22] are also included.

Figure 11: Stress-strain curves for N720/A specimens showing effect of loading rate
on tensile properties obtained in displacement control and stress control. Data at
0.05 mm/s and 0.0025 MPa/s from Mehrman [22] is included.
As can be seen in Figure 11 the modulus of elasticity, UTS, and failure strain
produced at 25 MPa/s are significantly different from those obtained at 0.0025 MPa/s.
Whereas the fast tensile tests, i.e. those conducted at 25 MPa/s, had an elastic modulus of
~78.55 GPa, the slow tensile tests conducted at 0.0025 MPa/s, exhibited a very different
behavior during the initial portion of the tests. The slow tests all produced either
negligibly small positive strain, or negative strain for stresses up to 35 MPa. This
atypical behavior resulted in a large variation in the measured elastic modulus. The
18

elastic modulus, as measured in the 0-30 MPa range, for each test varied between -44.31
GPa as reported by Mehrman [22] and 81.04 GPa. It is difficult to measure the elastic
modulus at the loading rate of 0.0025 MPa/s due to the data scatter evident between each
test and since 0.0025 MPa/s approaches a creep test, additional testing of the creep
behavior in the 0-30 MPa range is necessary. This behavior is fundamentally different
from the nearly linear stress-strain curve produced in fast tests.
One possible explanation for the unusual stress-strain behavior observed in slow
tests was that fibers in these specimens had not been fully cured and continued to shrink
when exposed to 1200°C during the test, which took at least 16 hours to complete. To
test this hypothesis, four specimens were subjected to additional heat-treatment at
1200°C. Three tests were conducted to test this theory along with one conducted by
Mehrman. Two specimens were sintered for additional 12 h at 1200°C and two
specimens were sintered for additional 100 h at 1200°C. The two different times were
chosen in case 12 h was not enough to achieve full processing of the fibers. After
additional sintering, these specimens were subjected to the same “slow” tensile test as the
as-processed specimens. Results are presented in Table 2
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Table 2: Tensile Properties.
Specimen
Number

Ultimate

Failure

Elastic

Time to

Stress

Strain

Modulus

Failure

(MPa/s)

(Mpa)

(%)

(GPa)

(h)

Heat Treatment Load Rate

HT-12*

12 h at 1200°C

0.0025

182.8

0.59

-44.31

20.3

H12T-7

12 h at 1200°C

0.0025

153.8

1.40

54.15

17.06

H100T-5

100 h at 1200°C

0.0025

155.65

1.27

81.04

17.28

H100T-6

100 h at 1200°C

0.0025

152.3

1.26

62.05

16.93

* Data from Mehrman [22].
Figure 12 shows the stress-strain curves obtained in all tensile tests.

Figure 12: Effect of prior heat treatment on the stress-strain response of N720/A
ceramic composite at 1200°C. All tests conducted in load control with the rate of
0.0025 MPa/s. Data from Mehrman [22] is included.
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As seen in Figure 12, there was no significant difference in the mechanical response of
the as-processed specimens and the specimens that underwent additional sintering for
either 12 or 100 h. This suggests that the atypical stress-strain behavior in the initial
portion of the slow tensile tests was not the result of incomplete processing of the fibers
in the as-received CMC.
Comparison of the fast and slow loading rate tensile tests show there is a
significant difference in the properties of the N720/A CMC depending on the loading
rate. There is a considerable reduction in the ultimate tensile strength of this material at a
slower loading rate.

The tensile tests also show the extremely nonlinear stress-strain

performance of N720/A at a slow loading rate. It therefore becomes necessary for the
loading rate to be reported with any publication of the material properties of the N720/A
CMC so designers understand exactly how the material will respond for each given
loading scenario the CMC could be potential used for.
Also, recent research has shown that the matrix of a CMC with the N720 fibers in
an alumina matrix has densified after undergoing thermal aging at 1200°C [6;14;15]. A
reduction in porosity of ~6% was observed in a specimen exposed to 1200°C for 10
minutes [14;15]. This matrix densification could be a reason for the atypical stress-strain
response of the N720/A CMC when loaded at 0.0025 MPa/s at 1200°C, especially at
lower stress levels (<30 MPa). The specimens that did not undergo additional heat
treatment at 1200°C prior to testing were also subject to matrix densification during the
initial portions of the tensile tests due to the extremely slow loading rate of the tests
which approach creep tests. Even though the as-processed specimens and the specimens
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subjected to prior heat treatment underwent matrix densification to different extents, the
no difference in mechanical properties was observed due to the short-term nature of these
tests.
The negative strains observed in the 0-30 MPa load range suggests that creep
behavior should be investigated in this stress range because negative creep may be seen.
At a loading rate of only 0.0025 MPa/s, the tensile tests approach creep tests. Several of
the probable uses for this CMC, as insulation or as a liner for the combustion chamber,
would fall within the 0-30 MPa extended loading range. Any shrinkage or change in
geometry of this CMC would limit its ability to provide insulation in critical areas. The
negative strains observed in the 0-30 MPa load range necessitate the investigation of the
creep behavior of N720/A at this low load range.
5.2. Behavior in the 0-30 MPa Creep Stress Range
The second phase of this research focused on the creep performance of the
N720/A CMC at stresses in the 0-30 MPa range. Wilson et al. has shown that the N720
fiber exhibited negative creep strain at creep stresses under 138 MPa [36]. Figure 13
shows the negative creep observed in the N720 fiber by Wilson et. al.
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Figure 13: Low load level creep performance of N720 fibers [36:1012]
The creep stress levels chosen were between 1 and 26 MPa. This CMC consisted of a
40% volume fraction of fibers, of which, only half are load bearing. Scaling Wilson’s
stress level according to the fiber volume fraction that is load bearing ensured that the
fiber stress was kept at or below the 138 MPa employed by Wilson. The initial load up
was conducted at 25 MPa/s so as to minimize the time spent reaching creep stress. Such
test procedures are consistent with ASTM Standard C 1337-96.
Results of these creep tests are summarized in Table 3 and in Figure 14.
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Table 3: Summary of creep results at low load level.
Specimen

Heat

Creep

Creep

Accumulated

Number

Treatment

Time

Stress

Strain

(h)

(Mpa)

(%)

C-2

As-processed

100

1

-0.22

C-3

As-processed

100

6

-0.21

C-1

As-processed

72

20

-0.16

C-4

As-processed

100

26

-0.12

Figure 14: Creep strain vs. time curves for N720/A CMC at 1200°C.
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It can be clearly seen that the creep tests presented in Figure 14 produced a significantly
different strain response compared to that in a typical creep test with creep stresses of 50
MPa and above. There are no clearly defined sections of primary, secondary, or tertiary
creep.
The creep rate for each test was determined as the creep time approached 100 h.
A linear curve-fit of the creep curve was performed over the last 10 h of creep to
calculate the creep rate for each test. Table 4 shows the creep rates from each test along
with an estimated minimum creep rate based on Harlan’s implementation of the NortonBailey equation for creep tests at 1200°C [16]:
•

ε = A0 σ n

(1)

•

where ε is the minimum creep rate, A0 is a temperature dependent coefficient that has a
value of 1.99x10-24 at 1200°C, n has a value of 8.42 based on creep-rupture tests at
1200°C, and σ is the applied stress [16:52].
Table 4: Creep rates for low load level creep tests.
Experimental

Calculated Creep

Creep Stress

Creep Time

Creep Rate

Rate*

(MPa)

(h)

(s-1)

(s-1)

C-2

1

100

-1.94x10-8

4.44x10-24

C-3

6

100

-1.39x10-7

8.27x10-18

C-1

20

74

-3.06x10-7

1.79x10-13

C-4

26

100

-1.67x10-8

1.71x10-12

Specimen Number

* Data from Harlan [16].
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The creep rates all show continuous decrease at the end of the 100 h test. Measured creep
rates are significantly different from prediction obtained with the Norton-Bailey equation.
This comparison shows that the creep rate for the N720/A CMC cannot be predicted by
conventional means when low load level creep is involved. Note that test C-1 was
stopped after 74 h since no significant change in the strain had occurred in the previous
10 h. After reducing the data, the remaining 3 tests were allowed to run out to 100 h to
get the best picture of the overall trend for each test.
Specimens C-1 and C-2 were also subjected to tensile tests to failure at a load-up
rate of 25 MPa/s after having achieved a creep run-out. Table 5 shows the retained
properties.
Table 5: Retained properties of the N720/A specimens subjected to prior creep at
1200°C.

Specimen

Creep

Prior

Retained Retained

Strain at

Number

Stress

Creep

Strength Modulus

Failure

(MPa)

(h)

(MPa)

(GPa)

(%)

C-1

20

74 hr

201.9

80.39

0.36

C-2

1

100 hr

197.1

74.49

0.35

Figure 15 shows the stress-strain curves obtained for the as-processed material
and those for the pre-crept specimens.
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Figure 15: Effect of prior creep on stress-strain behavior of N720/A ceramic
composite.
As seen in Table 5 and Figure 15, the pre-crept specimens retained 100% of their tensile
strength.
The negative strains observed in the 0-26 MPa creep load range of N720/A has
significant implications on its uses. Any shrinkage will cause dimensional changes in the
parts. The critical engine components where this CMC will be used may not be able to
tolerate a change in size or shape leading to decreased performance or failure based on
geometry alone.
The low load level creep test results suggest that there are microstructural changes
produced during testing. Possible densification of the matrix, which may have
contributed to the negative strains, would cause a decrease in the crack deflecting ability
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of the porous matrix. A certain level of porosity is critical in allowing for crack
deflection. If the porosity of the matrix decreased, the density of the entire CMC
increased. This would cause the CMC to lose the advantage of increased toughness it has
over monolithic ceramics. The capability of delayed failure would be diminished,
possibly leading to sudden and catastrophic failures as seen in monolithic ceramics.
Also, the matrix densification could leave the CMC more susceptible to thermal shock.
The densification of the matrix would diminish the CMC’s ability to effectively perform
in a rapidly changing temperature environment, and therefore it could fail more readily.
5.3 Effect of Prior Loading Rate on Creep Behavior
Prior research by Harlan [16] into the creep behavior of N720/A at 1200°C in
laboratory air involved creep tests at 100 and 125 MPa. In these tests, a stress rate of 25
MPa/s was used to reach creep stress levels. To investigate the effect of prior loading
rate on creep behavior, these tests were repeated with the stress rate of 0.0025 MPa/s
used on the load-up to creep stress. Results are summarized in Table 6 where times to
rupture and creep strain accumulations obtained in the tests are given together with those
obtained by Harlan [16].
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Table 6: Comparison of creep rupture time and failure strain for specimens tested
with different prior stress rates.
Specimen

Prior Stress Rate Creep Stress

Rupture Time

Failure Strain

Number
(MPa/s)

(MPa)

(s)

(%)

H-1*

25

100

147597

3.04

C-5

0.0025

100

360779

1.49

H-2*

25

125

15295

3.4

C-6

0.0025

125

42599

1.11

* Data from Harlan [16].
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(a)

(b)

Figure 16: Creep strain v. time for N720/A ceramic composite for creep stress levels
of: (a) 100 MPa and (b) 125 MPa. Data from Harlan [16] is included.
30

Creep strain curves obtained in the present effort are presented in Figure 16 (a)
and (b) for creep stress levels of 100 and 125 MPa, respectively. Results from prior work
of Harlan [16] are included in Figure 16 (a) and (b) for comparison. At the prior loading
rate of 25 MPa/s, primary and secondary creep are both clearly evident and there is a
noticeable transition from primary to secondary creep. The loading rate of 0.0025 MPa/s
shows almost no primary creep and a nearly instantaneous transition to secondary creep.
The slow loading rate of 0.0025 MPa/s approaches a creep test, so any transition between
primary and secondary creep would have taken place during the loading portion of the
test. Secondary creep is nearly linear to failure for both loading rates.
Minimum creep rate was reached in all tests. Table 7 shows a comparison
between the minimum creep rate observed by Harlan [16] in tests conducted with a
loading rate of 25 MPa/s to 100 and 125 MPa to the current research.
Table 7: Effect of prior stress rate on minimum creep rates for N720/A ceramic
composite.
Prior Stress Rate

Creep Stress

Creep Rate

(MPa/s)

(MPa)

(s-1)

H-1*

25

100

1.97x10-5

Current Results

0.0025

100

4.11x10-6

H-2*

25

125

1.35x10-4

Current Results

0.0025

125

2.6x10-5

* Data from Harlan [16].
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The creep rates reported by Harlan [16] are close to the creep rates expected from the
N720 fiber alone. There was no significant difference between the minimum creep rates
of the specimens loaded at 25 MPa/s and 0.0025 MPa/s. The time to rupture, failure
strain, and minimum creep rate all indicate that the prior loading rate has little influence
on the creep of N720/A CMC at creep stress levels greater than or equal to 100 MPa at
1200°C. Even though Harlan’s specimens were not subject to the same matrix
densification as the 0.0025 MPa/s prior loading rate creep tests due to the rapid loading
rate and limited time spent under low load at 1200°C compared to the slower loading
rate, these short-term test do not depend as heavily on matrix densification as do longterm tests and no difference in mechanical properties was observed.
The data collected during the load-up to creep stress in both the 100 and 125 MPa
creep tests were also compared to the tensile test results obtained at the rate of 0.0025
MPa/s. Tensile stress-strain curves obtained during the load-up portion of the creep tests
are shown in Figure 17 together with the stress-strain curves obtained in tensile tests to
failure conducted at the same stress rate.
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Figure 17: Tensile stress-strain curves for N720/A CMC at 1200°C, stress-strain
curves obtained on the load-up portions of the creep tests are included.
Results in Figure 17 reveal that the stress-strain behavior of the load-up of the 0.0025
MPa/s prior loading rate creep tests was consistent with monotonic tensile tests
conducted at the same loading rate.
5.4 Composite Microstructure
All fractured specimens were analyzed using an optical microscope. Both front
and side views of the specimens were examined. Fracture surfaces obtained in tensile
tests of as-processed specimens conducted at the rate of 25 and 0.0025 MPa/s are shown
in Figure 18 (a) and (b)-(c) respectively.
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10 mm

10 mm

(a)

(b)

10 mm
(c)

Figure 18: Fracture surfaces of as-processed N720/A specimens tested at 1200°C in
tension with the rate of: (a) 25 MPa/s, (b) and (c) 0.0025 MPa/s.
There is a difference in the overall trend for the fracture surfaces as can be clearly
seen in Figure 18. Whereas the fracture surface for the “fast” rate of 25 MPa/s has a
distinctly “brushy” appearance with significant fiber pull-out, the fracture surfaces for the
slow rate of 0.0025 MPa/s exhibit a flatter appearance with much less fiber pull-out. Side
views of the fracture surfaces in Figure 18 are shown in Figure 19.
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2.7 mm

2.7 mm
(a)

(b)

2.7 mm
(c)
Figure 19: Fracture surfaces (side view) of as-processed N720/A specimens tested at
1200°C in tension with the rate of: (a) 25 MPa/s, (b)-(c) 0.0025 MPa/s.
The specimens seen in Figure 19 appear to have undergone delamination between fiber
layers during fracture. Seen in Figure 18 and Figure 19, the size of the damage zone
varies depending on the loading rate. There is a larger damage zone at a loading rate of
25 MPa/s compared to 0.0025 MPa/s. The porosity of the matrix allowed for proper
crack deflection and a more random distribution of fracture surfaces across the specimen
in the specimen tested at 25 MPa/s. This results in a large fracture zone size. The slow
loading rate, on the other hand, appears to have undergone matrix densification which
decreased the crack deflection capability of the matrix and allowed for a more uniform
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and flat fracture surface as the crack propagated through the fibers and not around them
as design with ideal porosity levels.
A fracture surface comparison between as-processed tensile test specimens and
tensile test specimens which underwent additional heat treatment can be seen in Figure
20.

10 mm

10 mm

(a)

(b)

10 mm

10 mm

(c)

(d)

Figure 20: Fracture surfaces of N720/A specimens with various prior heat treatment
tested at 1200°C in tension: (a) as-processed, (b) 12 h at 1200°C, (c) and (d) 100 h at
1200°C.
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There is no distinct difference between the four specimens seen above. All specimens
have a relatively flat fracture surface with limited fiber “brooming”. The similarity
between the fracture surfaces seen above supports the results of the tensile tests which
showed no significant difference in the performance between the as processed specimens
and the specimens which underwent additional heat treatment.
Comparison of the fracture surfaces between an as-processed specimen tested in
tension with a 25 MPa/s loading rate and a specimen which was subjected to 100 h at 1
MPa prior to a tensile test with a 25 MPa/s loading rate showed no difference in the
appearance and damage zone size between the two. Figure 21 shows the fracture surface
of a specimen subjected to prior creep for 100 h at 1 MPa before being fractured in
tension with a 25 MPa/s loading rate compared to the fracture surface of an as-processed
specimen fractured in tension with a 25 MPa/s loading rate.

10 mm

10 mm

(a)

(b)

Figure 21: Fracture surfaces of N720/A specimens: (a) 100 h at 1 MPa creep at
1200°C prior to tensile to failure with a 25 MPa/s loading rate and (b) as-processed
specimen tensile to failure with a 25 MPa/s loading rate at 1200°C.
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Comparison of the fracture surfaces of specimens subjected to creep tests at the
same creep stress, but with different load-up rates also provides some interesting
findings. Figure 22 shows a comparison between two specimens crept in the current
research at 100 and 125 MPa with a load-up rate of 0.0025 MPa/s and two specimens
crept at the same loads but with a load-up rate of 25 MPa/s performed by Harlan [16].
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Loading Rate
25 MPa/s

10 mm

10 mm

(a)

(b)

Loading Rate
0.0025 MPa/s

10 mm

10 mm
(c)

(d)

Creep Stress 100 Mpa

Creep Stress 125 MPa

Figure 22: Fracture surfaces of as-processed N720/A specimens tested at 1200°C in
creep at stress levels of 100 and 125 MPa with prior stress rates of 25 and 0.0025
MPa/s. Image at 25 MPa/s loading from Harlan [16] is included.
As can be seen in Figure 22, there is no significant difference between the two different
load-up rates. Combining this finding with the creep data collected, it can be said that
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load-up rate does not have a significant impact on the creep performance of the N720/A
CMC.
Several specimens were examined using an SEM. Figure 23 shows a good
example of the matrix-fiber interface for a specimen subjected to a tensile test with a
loading rate of 25 MPa/s at 1200°C. It is clearly evident how the porosity of the matrix
allows for crack deflection through the matrix and around the fibers.
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Figure 23: Fracture surface of a N720/A specimen tested in tension at 1200°C in air
environment (25 MPa/s loading rate) showing crack deflection through matrix.
Figure 24- Figure 26 shows micrographs of the fracture surfaces of specimens
failed in tension at 1200°C for as-processed specimens with loading rates of 25 MPa/s
and 0.0025 MPa/s along with a specimen subjected to 100 h additional heat-treatment at
1200°C and fractured in subsequent tension with a 0.0025 MPa/s loading rate.
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Figure 24: Fracture surface of a N720/A specimen tested in tension at 1200°C in air
environment (25 MPa/s loading rate) showing fiber bundle in loading direction.
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Figure 25: Fracture surface of a N720/A specimen tested in tension at 1200°C in air
environment (0.0025 MPa/s loading rate) showing fiber bundle in loading direction.
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Figure 26: Fracture surface of a N720/A specimen with 100 h at 1200°C prior heattreatment tested in tension at 1200°C in air environment (0.0025 MPa/s loading
rate) showing fiber bundle in loading direction.
Comparison of Figure 24 - Figure 26 shows how the fiber bundles in the specimen
subject to tension with a loading rate of 25 MPa/s were more loosely bound then the
specimens subjected to the 0.0025 MPa/s loading rate. The difference in the relative
strength of the bonding of fiber bundles in the loading direction shows that the specimens
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loaded at 0.0025 MPa/s underwent matrix densification. This lead to more coordinated
fiber failure in the specimens subjected to a loading rate of 0.0025 MPa/s. This causes a
flatter fracture surface and less fiber “brooming” compared to specimens subjected to
tension at a loading rate of 25 MPa/s.
Figure 27 shows a micrograph of the matrix and fiber interface of a specimen
which underwent 100 h of creep at a stress level of 1 MPa at 1200°C.
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Figure 27: Fracture surface of a N720/A specimen tested in creep at 1200°C in air
environment (1 MPa creep stress for 100 h) showing crack deflection through the
matrix.
The fibers seen in Figure 27 appear to have sunk into the matrix at the fracture
surface. This suggests that the fibers have undergone more shrinkage than the matrix
would allow. Wilson’s data [36] on the low load level creep test of the N720 fiber
supports the fact that the fibers shrank.
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Additional analysis into the performance of the matrix under the low load level
creep tests was conducted to evaluate the impact of the creep loading on the matrix.
Figure 28 shows a comparison between the matrix material of a specimen subjected to
creep at a stress level of 1 MPa, a specimen subjected to a room temperature tensile test,
and a piece of the CMC subjected to 100 hours of additional heat treatment at 1200°C
without load.
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pores

pores
(b)

(a)

pores

(c)
Figure 28: SEM micrographs of the matrix of the N720/A CMC: (a) specimen crept
at 1 MPa, (b) an unloaded specimen subjected to 100 h heat treatment at 1200°C,
and (c) a tensile specimen at 23°C.
As can be seen in Figure 28, there is a distinct difference in the pore size and the amount
of pores between the two specimens. The specimen subjected to creep at 1 MPa appears
to have densified during the creep test as is evident by the decrease in the number and
size of pores present in the matrix. Also, comparison between the pre-crept specimen and
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the heat treated specimen shows that the densification took place under load at 1200°C,
not due to the temperature exposure alone. Along with fiber shrinkage, this densification
correlates with the negative strains observed during the creep tests at stress levels less
then 30 MPa.
5.5 Mercury Porosimetry
In order to confirm the results obtained in the creep tests in the 0-30 MPa stress
range and the SEM micrographs of the same specimens, a mercury porosity evaluation
was carried out. Results are given in Table 8.
Table 8: Summary of mercury porosimetry results.
Specimen History
As-processed
As-processed
Tensile test at 23°C
20 MPa creep at
1200°C
1 MPa creep at
1200°C
26 MPa creep at
1200°C

Bulk Density
(g/mL)
2.8544
2.8544
2.8432

Porosity
(%)
21.5081
22.0375
21.8431

2.9137

20.0412

2.8952

20.0421

2.8843

20.2592

As seen in Table 8, specimens subjected to creep tests at 1, 20, and 26 MPa at 1200°C
exhibit an increase in bulk density. These specimens also exhibit a decrease in porosity.
These findings support the creep test results as well as the results of microstructural
investigation. Densification as well as shrinkage of the composite has definitely occurred
in specimens subjected to creep tests at 1200°C and creep stress levels of 1, 20, and 26
MPa.
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Figure 29 shows the relative pore size distribution for specimens subjected to
prior creep as well as for the virgin material cut from the same panel.

Figure 29: Effect of prior creep on pore size distribution for N720/A porous-matrix
ceramic composite.
All specimens contained pores about 0.1 μm in size. The virgin material had a decreased
presence of pores of 0.1 μm in size compared to the pre-crept specimens. However, it is
clear that there is an increased presence of pores of 100 μm in size in the virgin material
compared to the creep specimen’s results. The reduction in the 100 μm pore population
and the increase in the 0.1 μm pore population suggests that the matrix became more
compact and dense during the creep test.
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Prior to evaluating the porosity of these specimens, the mercury porosity machine
was calibrated using a standard blank in accordance with the ASTM Standards D 428403 for catalysts and D 4404-84 for soil and rock.

VI.

Conclusions

The loading rate has a profound influence on the tensile stress-strain behavior and
on the tensile properties at 1200°C of the N720/A CMC. The elastic modulus calculated
over the 5-15 MPa range increases sharply becoming nearly infinite in some cases and
negative in others for tests conducted with a loading rate of 0.0025 MPa/s. The ultimate
tensile strength of the CMC decreases with decreasing loading rate. A decrease of 17 %
in the ultimate tensile strength was observed when the stress rate decreased from 25 to
0.0025 MPa/s. The failure strain of the CMC increased nearly three-fold as the stress rate
decreased from 25 to 0.0025 MPa/s. At 25 MPa/s, the stress-strain curve is nearly linear
to failure, while the stress-strain curve produced at 0.0025 MPa/s is highly nonlinear.
The stress-strain behavior at 0.0025 MPa/s is not a result of incomplete fiber processing.
Tensile tests performed on specimens subjected to additional heat treatment at 1200°C
produced the same response as those conducted on the as-processed material.
The creep performance of the N720/A CMC at creep stress levels in the 0-30 MPa
range was markedly different from the creep response observed at creep stress levels
greater than or equal to 50 MPa. Negative creep strains were accumulated in the 1, 6, 20,
and 26 MPa creep tests. This is consistent with the negative creep strains in the N720
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fiber reported by Wilson et al [36]. Creep run-out was reached in all tests. Specimens
retained 100% of their tensile strength. Prior loading rate appeared to have no effect on
subsequent creep response at 100 and 125 MPa at 1200°C.
Microstructural evaluation of the tensile specimens revealed a decrease in the size
of the damage zone with decreasing in loading rate. Fracture surfaces obtained at 0.0025
MPa/s were considerably flatter than those obtained at 25 MPa/s, with only a few limited
areas of “brushy” fiber pull-out.
The SEM micrographs of the specimens subjected to creep at stress levels below
30 MPa suggested that the matrix became less porous, revealed shrinking fibers and
indicated the overall densification of the CMC. There was a decrease in the number and
size of pores in the matrix when observed at higher magnifications. This densification of
the matrix correlates with the negative strains observed during creep tests.
Lastly, the mercury porosimetry data collected were consistent with strains
observed during the creep tests. The mercury porosimetry data showed an increase in the
density along with a decrease in the porosity of the specimens subjected to creep at 1, 20,
and 26 MPa. Furthermore, the number of larger pores decreased compared to virgin
material. These results indicate that the matrix shrank during the test and correlates with
the negative strains measured.
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VII.

Recommendations

One thesis can not encompass all of the data and tests needed to evaluate the
performance of a new material. This research built on the previous efforts of others to
help to create a more in-depth understanding of the N720/A CMC. It is evident that
additional testing needs to be conducted to further the understanding of this CMC. The
present research could not provide the most thorough understanding of the mechanisms at
work during slow tensile tests and low stress level creep tests without additional
equipment and material. Ideally, it would have been preferred to have at least three tests
conducted for each loading scenario to characterize the scatter. This was impossible due
to time constraints and the high cost of the material.
Although it was shown that the matrix tends to densify during low stress level
creep tests, it was also previously shown by Wilson [36] that the individual fibers
exhibited negative strains when crept at low stress level. There was no way to evaluate
how much each mechanism contributed to the overall performance of the material. A
transmission electron microscope (TEM), had one been available, would have provided
better understanding of the interaction between the fiber and matrix as well as the
performance of the fibers alone. Individual grains in the fiber could be observed with the
TEM and a predictive model could possibly be developed once the interaction between
the fiber and matrix in the oxide/ oxide CMC is better understood.
Also, fiber only low stress level creep tests should be conducted to allow for a
quantitative comparison with the low stress levels conducted during this research. These
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results would help to show the exact mechanism that lead to matrix densification. It is
important to determine if the matrix densification is due solely to thermal effects, or if
fiber shrinkage contributes to densification.
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